ABSTRACT: A droop-free nitride light-emitting diode (LED) with the capacity to operate beyond the "green gap" has been a subject of intense scientific and engineering interest. While several properties of nanowires on silicon make them promising for use in LED development, the high aspect ratio of individual nanowires and their laterally discontinuous features limit phonon transport and device performance. Here, we report on the monolithic integration of metal heat-sink and droop-free InGaN/GaN quantum-disks-in-nanowire LEDs emitting at ∼710 nm. The reliable operation of our uncooled nanowire-LEDs (NW-LEDs) epitaxially grown on molybdenum was evident in the constant-current soft burn-in performed on a 380 μm × 380 μm LED. The square LED sustained 600 mA electrical stress over an 8 h period, providing stable light output at maturity without catastrophic failure. The absence of carrier and phonon transport barriers in NW-LEDs was further inferred from current-dependent Raman measurements (up to 700 mA), which revealed the low self-heating. The radiative recombination rates of NW-LEDs between room temperature and 40°C was not limited by Shockley−Read−Hall recombination, Auger recombination, or carrier leakage mechanisms, thus realizing droop-free operation. The discovery of reliable, droop-free devices constitutes significant progress toward the development of nanowires for practical applications. Our monolithic approach realized a high-performance device that will revolutionize the way high power, low-junction-temperature LED lamps are manufactured for solid-state lighting and for applications in high-temperature harsh environment. KEYWORDS: Quantum-disks-in-nanowire, efficiency droop, light-emitting diode, molecular beam epitaxy D evices that incorporate III-nitride materials are widely used in solid-state lighting and displays.
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evices that incorporate III-nitride materials are widely used in solid-state lighting and displays. 1 However, the application of nitride light-emitting diodes (LEDs) is limited by their decreased efficiency at the peak sensitivity of human photopic vision spectrum, termed the "green gap". 2 Moreover, the high dislocation density of the materials, together with efficiency droop phenomenon of LEDs at high current injection also hinder their high-brightness applications, which was attributed to the saturation of the radiative recombination rate and increase in the nonradiative recombination rate, such as Shockley−Read−Hall (SRH) nonradiative recombination, Auger recombination, and electron leakage.
3, 4 Compared to conventional planar devices, III-nitride nanowire devices have attractive advantages, such as dislocation-and strain-free materials, a reduced polarization field, and enhanced carrier confinement. 5, 6 Nanowire devices on silicon have been investigated for application in LEDs and lasers. 7, 8 While nanowires on silicon have several desirable properties for application in LEDs emitting at true-green (555 nm) wavelengths and beyond, the formation of an amorphous SiN x layer at the nanowires-silicon interface impedes heat dissipation and electrical conduction. 9 The high aspect ratio of nanowires and the laterally discontinuous epitaxy further limits carriers and acoustic phonon conduction, leading to one-dimensional heat transport, 10, 11 severe junction heating, and degradation to performance and lifetimes of nanowire devices. 12, 13 The thermal droop of nanowire LEDs (NW-LEDs) is a considerable drawback for high-power applications at high-current-densities where the operating temperature is above 100°C. 14, 15 Moreover, lasers typically operate at higher injection current densities and are even more sensitive to the junction heating. 16 Therefore, an efficient measurement of nanowire temperature is necessary to produce reliable nanowire-based light-emitters. It is noted that heating at the junctions of nitride devices are typically estimated based on their heat sink temperature, a method that has been studied for planar LEDs 17, 18 but not for NW-LEDs on silicon, which typically have a high turn-on voltage. 19 In addition, investigation into the reliability and lifetime of NW-LEDs, by means of soft burn-in test, which is important for assessing their practical applications, 20 has not been studied to the best of our knowledge.
Here, we investigate the temperature-dependent and timeresolved carrier dynamics and the temperature-dependent device measurements of high-power InGaN/GaN quantumdisks (Qdisks)-in-nanowire LEDs on molybdenum (Mo) emitting at ∼710 nm, beyond the true-green wavelength. These LEDs exhibited an ultralow turn-on voltage of ∼2 V, tested droop-free at an unprecedentedly high-input-powerdensity of 45 kW/cm 2 (20-μm diameter NW-LED), potentially escaping the "valley of droop" for energy-efficient lighting.
21
The LEDs on an all-metal stack of TiN/Ti/Mo effectively dissipated heat for high-power operations, which resulted in a near-constant junction temperature. This is evident in currentdependent confocal-Raman measurements up to an injection current of 700 mA on a 380 μm × 380 μm NW-LED, which is attributed to the absence of carrier-and phonon-transport barriers in the monolithic NW-LED/heat-sink platform. The merits of our uncooled operation and reliable droop-free NWLEDs were further accentuated when soft burn-in at a constant current of 600 mA was applied. The same NW-LED sustained direct-current (dc) electrical-annealing over an 8 h period, resulting in stable light-output upon burn-in maturity without catastrophic failure. The devices presented herein are hence suitable for the practical and economical deployment of highperformance LEDs and lasers, as well as for cross-disciplinary applications, such as visible-light communications, photovoltaics, photodetection, and sensing in high-temperature harsh environments.
NW-LEDs on Mo substrate were grown using a Veeco Gen 930 plasma-assisted molecular beam epitaxy system as has previously been described. 22 After the deposition of a 500 nm thick Ti layer on the Mo substrate using an electron-beam evaporator, eight InGaN-disks (∼3 nm), separated by a GaNbarrier (∼12 nm), followed by a p-GaN layer (∼50 nm), were grown on top of a 150 nm thick layer of n-type GaN. To compare device performance, NW-LEDs on Si were also prepared using a 300 nm thick n-type GaN layer, eight InGaN- 
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Letter disks (∼3 nm) separated by GaN-barrier (∼12 nm), and a 150 nm thick p-type GaN layer. After growth, the morphology of nanowires was characterized using an FEI Magellan FEG fieldemission scanning electron microscope (FE-SEM) and a probecorrected FEI Titan operating at 300 kV in high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and annular bright-field (ABF) STEM mode. Microphotoluminescence (μPL) was measured using a 473 nm excitation laser at room temperature (RT) to reveal the emission wavelength of the Qdisks. Temperature-dependent photoluminescence (TDPL) measurements were performed using a closed-loop compressed helium-cooled cryostat with 405 nm excitation cw laser from 10 to 300 K. Time-resolved photoluminescence (TRPL) measurements performed with a frequency-doubled (λ = 405 nm) mode-locked Ti:Al 2 O 3 laser (pulse width 180 fs; repetition rate 76 MHz) from 77 to 300 K were used to study the carrier lifetimes of Qdisks. TRPL signal was dispersed by a Princeton Instrument SP2300 spectrometer (50 grooves/mm grating) and then detected by a Hamamatsu C5680 streak camera with ∼4 ps temporal resolution in synchroscan mode. NW-LEDs on Mo of different mesa sizes were fabricated and tested. 23 The temperature-dependence of devices was tested from −60 to 40°C on a Cascade Microtech 11000 probe station to shed light on the origin of droop-free operation. Current-dependent micro-Raman measurements were carried out using below-bandgap laser excitation sources in the backscattering geometry. NW-LEDs on Mo or Si were used to compare the degree of junction heating during operation using the E 2 high-frequency mode, E 2 (high), Raman peak shift. Finally, the burn-in tests were also conducted on 380 μm square NW-LED to evaluate the reliability of the device. Figure 1a ,b shows the plan-view and elevation-view SEM images of the Qdisks-in-nanowires on Mo. Vertical nanowires were grown epitaxially on the TiN transition layer (see the Supporting Information for more details on the growth of nanowires, S1). Figure 1a shows that nanowires have hexagonal top surface, an average length of ∼300 nm, a lateral size of 50− 100 nm that tapers from the bottoms, and a density of ∼1.0 × 10 10 cm
. The InGaN/GaN Qdisks embedded in the center of the nanowires with average In composition estimated to be 42.3% (see the Supporting Information for XRD profiles of the nanowire samples, S1) are clearly visible in Figure 1c , showing a high crystal quality without defects. The diameters increased during growth because of the enhanced lateral growth and increased In incorporation at lower temperatures. To study the distribution of In in the Qdisks, high-resolution HAADF and ABF-STEM were performed. The images in Figure 1d show no obvious contrast variation in the Qdisks, indicating the absence of evident In clustering. Although In-rich clusters within planar quantum wells (QWs) have been reported and contested with the phenomenon attributed to the large miscibility gap of the InGaN alloy, 24 Kamal et. al, Steffi et. al, and Jung et. al, however, observed the absence of In clustering by TEM and atom probe tomography. 25−27 It is believed that the high crystal 
Letter quality of nanowires without lattice imperfections prevented the formation of In clusters in the Qdisks. 28, 29 Figure 1e shows a schematic of the fabricated NW-LEDs. The In composition of the Qdisks was tuned to achieve the peak emission wavelength of 700 nm (see Figure 1f) , which can be reflected by the TiN transition layer underneath the nanowires. This wavelength regime is difficult to achieve in InGaN/GaN planar thin films. However, using the present platform, we achieved a long emission wavelength while simultaneously implementing the n-metal contact, the optical reflector, and the heat sink as soon as the samples were grown, 22 thus realizing seamless integration of metal and epitaxy, that is, the monolithic metal-optoelectronic.
TDPL was performed to evaluate the internal quantum efficiency of these Qdisks, which was estimated to be 27.6% using the ratio of integrated PL intensity at 300 K to that at 10 K as shown in Figure 2a , assuming that the nonradiative recombination centers are frozen at 10 K. 30 Figure 2b shows the temperature variation of the Qdisks PL peak energy, which was fitted with the Varshni equation. 31 The absence of the reported S-type behavior indicates there is no obvious carrier localization in the InGaN Qdisks.
30 Figure 2c shows the typical Qdisks PL decay curve obtained from TRPL measurements conducted at 405 nm, which was analyzed with the stretched exponential model I = I 0 exp(−t/τ) β , where I is the measured PL intensity at time t, I 0 is the PL peak intensity at t = 0, τ is the total recombination lifetime, and β is the stretching parameter. The latter term incorporates the effect of high excitation carrier density and/or disorder within the material, such as compositional variation in nanowires. 32 The total recombination lifetimes of the Qdisks derived from the analysis are in the range of 16−53 ps from 77 to 300 K, as shown in Figure 2d . This short recombination lifetime was attributed to the efficient radiative recombination of photoexcited carriers in the InGaN Qdisks in the absence of competition from carrier localization states, which is consistent with the TDPL results. 33, 34 The decrease in lifetime with increasing temperature indicates that the nonradiative contribution decreases, which is attributed to surface defects, 35 and the dramatic increase in lifetime at low temperatures is due to freeze-out of nonradiative recombination centers. 36 The stretching parameter is between 0.82−0.97 over a wide range of temperatures due to high excitation carrier density and less compositional disordering within the nanowires. 37 A more detailed analysis of carrier dynamics, the radiative (τ r ) and nonradiative (τ nr ) lifetimes, will be published elsewhere in which the significantly smaller τ r than those measured in InGaN/GaN QWs or nanowires were attributed to the strain-relaxation-induced reduction in piezoelectric field and improved lateral confinement in dot-like Qdisks, and the short τ nr were attributed to surface defects. 35−37 NW-LEDs on Mo incorporating these nanowires have been fabricated and characterized. Figure 3a shows the light output power−current−voltage (L−I−V) characteristics of an LED with a mesa diameter of 400 μm measured under dc injection. The inset shows the charge-coupled device (CCD) image for the uniformly illuminated LED, which has a low turn-on voltage of ∼2 V (see the Supporting Information for a video demonstrating the operation of the NW-LED). The low turnon voltage was achieved due to the absence of interface amorphous layer, which did not form due to the choice of Tibuffer layer, forming a contact layer. In another report, the formed SiN x amorphous layer can only be removed through the NW-LEDs lift-off process. 38 In continuous-wave mode, the light output power was up to 6.14 mW when operating at 500 mA injection current and ∼5 V forward bias voltage. Utilizing the beneficial effect of lateral strain relief in nanowires, we achieved peak emission wavelength at ∼710 nm with negligible blueshift in the injection current range of 80−350 mA due to the reduced polarization field (see Figure 3b showing the RT electroluminescence (EL) spectra of the NW-LEDs with increasing injection current densities). The output power of planar far-red (740 nm) LED grown on sapphire has been reported to be 2 μW. 39 Later, Hwang et al. reported an LED with an output power of 1.1 mW emitting at 629 nm. 40 For NW-LEDs, the piezoelectric field decreases, as compared to planar LEDs, due to lateral strain relaxation. However, their output power is reported to remain within nanowatts or microwatts for the green color. 41 Mi et al. demonstrated highpower InGaN/GaN/AlGaN core−shell NW-LEDs with output powers up to ∼1.5 mW for emission at ∼630 nm measured in pulse mode. 42 The optical power achieved in this investigation is considerably higher than previous reports on long-wavelength NW-LEDs or planar LEDs despite the high In composition that reduces the overlap of electron−hole wave functions (see the Supporting Information for the Nextnano simulation of the band diagram of red LEDs, S2). 43 The inset in Figure 3c shows the measured injection current density versus voltage characteristics of LEDs different sizes. The LEDs with smaller sizes showed lower forward voltages and lower series resistances. When operating at 5 V, the 
Letter injection current density of the 20 μm NW-LED reaches 9 kA/ cm 2 , while that of the 400 μm NW-LED is only 280 A/cm 2 due to the effect of disparate current spreading. 44, 45 Figure 3c also shows the external quantum efficiency (EQE) of LEDs with different sizes. The LEDs with smaller sizes have a lower EQE, probably because they dissipate heat less efficiently. 46 Moreover, there is no efficiency droop for LEDs of any size. Several reports have shown that that EQE tends to increase with increasing current injection for NW-LEDs, which has been attributed to near-dislocation-and strain-free nanowires. 47, 48 The argument of dislocation-and strain-free nanowires seems to correlate well with the above results, which we obtained for the Qdisks-in-nanowires grown on Mo. In fact, the efficiencydroop free phenomenon was even attainable at the unprecedented high-input power density of 45 kW/cm 2 . By operating beyond the "valley of droop", these NW-LEDs are practical and economical options for application in solid-state lighting. 21 Moreover, because differently sized LEDs were fabricated from the same nanowire epitaxy, we can exclude the possibility of surface-states related SRH process, because the EQE slopes are different at low current density where SRH dominates (see Figure 3c) .
To investigate this droop-free mechanism, we conducted a low-temperature device test. As shown in the inset in Figure 3d , the NW-LED showed similar I−V characteristics between −60 and 40°C at a turn-on voltage of 2 V. The EQE increased as the temperature decreased due to reduced SRH nonradiative recombination (see Figure 3d and the Supporting Information for EL spectra of the LED at an injection current of 600 mA and various temperatures, S3). Moreover, below RT the EQE showed near-saturation. It is known that the radiative recombination rate is enhanced and SRH nonradiative recombination is suppressed at low temperature. 49, 50 Because of the absence of In clusters, dislocations, and the reduced polarization field, it is difficult to attribute them to the efficiency droop. The monotonic increase of EQE at RT and above and the presence of the peak EQE at lower temperatures suggest that the mechanism became stronger at lower temperatures, different from reports on Auger recombination. 51 Moreover, the high-quality nanowires grown on our high-thermalconductivity platform also likely mitigated the effect of phonon-assisted Auger recombination. 52, 53 Thus, we can also exclude Auger recombination as the dominant reason. At low temperatures, it is easier for the holes than the electrons to freeze-out because Mg acceptors have higher ionization energy. As a result, the Qdisks are utilized less, causing the effective active volume reduction and saturation of the radiative recombination rate. Because of the higher concentration of electrons and the associated high mobility as compare to that of holes, the electrons do not recombine in the Qdisks overflow to the p-GaN layer. 54 The competition between carrier leakage and change in radiative recombination rate are believed to cause near-saturation of device efficiency below RT. 55 The results from the TEM, TDPL, and TRPL evidence that carrier localization caused by In clustering is absent, leading to a uniform carrier distribution in high-quality Qdisks, hence increasing the effective active volume in InGaN Qdisks. 56 Ultimately, the saturation of the radiative recombination rate is suppressed, 4 and at RT or above this is not limited by SRH nonradiative recombination, Auger recombination, or carrier leakage, thus realizing droop-free operation.
To further study the phonon-assisted Auger recombination in our NW-LEDs on Mo, we measured the junction heating of the LEDs while under DC operation using micro-Raman spectroscopy. This is based on the relative downshift of the GaN E 2 (high) phonon Raman peak of the LEDs under current injection with respect to its peak position at zero current (see Supporting Information for the setup of the current dependent Raman measurements, S4). 17, 57 A calibration measurement was also performed to illustrate the relative shift of the E 2 (high) phonon peak of a GaN layer at a given temperature with respect to the peak position at RT (see Supporting Information for the temperature-dependent Raman measurements, S5).
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For comparison, LEDs on Si were also characterized in the same way. By using below-bandgap laser excitations, we prevented the absorption of laser light and thermal heating. Because heat is stored in the optical phonon bath, it is valid for us to estimate the heat generated by Raman spectroscopy. The generated optical phonons decayed into acoustic phonons through anharmonic processes, which are then removed from the hot spot because of their large group velocity. 58, 59 As shown in Figure 4a , LEDs on Mo showed almost constant temperature while operating across the full injection range. Because of the existence of the SiN amorphous layer of LEDs on Si, there is a barrier for the carriers which is absent for LEDs on Mo, as shown in the energy band alignment in Figure 4b ,c. Moreover, because of the highly mismatched specific heat, group velocity, and density between GaN and amorphous SiN, phonon ballistic transport across the interface is greatly affected. 60, 61 Further investigation is necessary to determine the role of the applied electric field in carrier and phonon transport.
The operating lifetime of NW-LEDs is an important parameter for practical applications but has not been studied before. To evaluate the reliability of our devices to operate at 
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Letter high current injections, light output power and wall-plug efficiency were plotted versus time. Figure 5a ,c shows the typical L−I−V characteristics of LEDs on Mo or Si. Constant currents of 600 and 0.2 mA were applied to the LEDs on Mo and Si with sizes of 380 μm × 380 μm, respectively, and the voltage and output power were recorded intermittently. The output power and wall-plug efficiencies of LED on Mo were stronger than those on Si, as shown in Figure 5b ,d. We noted that the output power and efficiency of LEDs on Mo steadily increased with time and after 3.3 h reached a stable level of power and efficiency. The results show that the LED presented in this work is capable of running continuously for a minimum of 8 h, setting a precedence in NW-LED longevity. Because of the excellent thermal conductivity of LEDs on Mo, the heat generated, even at high current injection, could be dissipated efficiently without degrading device performance. Such electrical annealing improves the crystal quality of nitrides dramatically and thus improves device performance with time. 13 In contrast, the output power and efficiency of LEDs on Si increased at the beginning due to electrical annealing and then deteriorated gradually after 0.17 h, burning out after 1.1 h. Because of their poor thermal conductivity, the heat generated could not be dissipated efficiently, causing overheating and damage to the device.
In conclusion, we demonstrated droop-free, low turn-on voltage, uncooled, and reliable operation of high-power NWLEDs emitting at ∼710 nm. The junction temperature of NWLEDs on Mo while operating was almost constant up to a 700-mA injection current, owing to the absence of a carrier and phonon transport barrier on the all-metal stack of TiN/Ti/Mo. We further performed soft burn-in at a constant current of 600 mA for the InGaN/GaN Qdisks-in-nanowire-LEDs with a size of 380 μm × 380 μm and achieved a minimum of 8 h operation. The high current operation was enabled using monolithic building block comprising low turn-on voltage NWLEDs epitaxially grown on Mo. Our investigations highlighted the considerable strength of the metal-optoelectronic solution to achieve practical high-power NW-LEDs for applications at the true-green wavelength and beyond. Moving forward, there is potential for the development of long-wavelength NW-LEDs and lasers and a plethora of high-performance multidisciplinary applications in the field of visible-light communications and photovoltaics, as well as photodetection and sensing in hightemperature harsh environments. 
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